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Introduction
Random Testing (RT) [1] is a widely used software testing method in practice. In this method, testers just randomly select test cases to test their programs, without any assumption on the program under test. RT is very : 2439 simple to perform, and can be used to deliver reliability predictions. However, RT may be inefficient since it does not make use of any information about the likely characteristic of the program under test.
When the failure features of program under test are carefully examined, failure-causing inputs tend to cluster to form certain patterns [2−5] . Chan, et al. [6] observed some typical patterns of failure regions within the input domain, including the block pattern, the strip pattern, and the point pattern, as illustrated in Fig.1 . The sample programs for these failure patterns are further provided in [6] and it is pointed out that the block and strip pattern are the most common ones. Based on the above observation, Chen, et al. [7] have developed Adaptive Random Testing (ART) to enhance the effectiveness of RT. In ART, test cases are randomly selected and evenly spread. Intuitively speaking, a more widespread set of random test cases have a better chance to detect a failure when the failure-causing inputs are clustered into one or more failure regions [8] . It has been observed that ART can detect the first failure using about 60% test cases used by RT [7−12] .
ART can be implemented through different approaches, such as by distance [7, 8] , by restriction [9] , or by lattice [11] , etc. Some of these approaches have been combined to improve ART's cost-effectiveness, that is, fewer test cases to detect the first failure and less computations [12] . The concept of mirroring [10] has recently been introduced to improve the efficiency of some ART implementations.
A series of simulation experiments have been conducted to identify the fundamental factors that affect the fault-detection capabilities of ART [13] . These experiments have observed that ART's performance depends on the failure rates, the number of failure regions, the existence of predominant failure regions, and the compactness of failure regions.
The previous work has preliminarily reported the impact of the compactness of failure regions on the performance of ART, where the failure region was set to be rectangular [13] . However, in real-life programs, the failure region may be of various shapes. In this study, we further investigate the impact of the compactness of a failure region on the performance of ART, where both regular and irregular shapes of failure regions are studied.
Our experimental results show that there exists a strong relation between the compactness of failure regions and the performance of ART.
The rest of paper is organized as follows: Section 2 describes an implementation of ART; Section 3 discusses the underlying experiment design, including the performance measurement, compactness measurement and experimental settings; Section 4 reports the experiment result and provides further analysis; Section 5 concludes the paper.
Adaptive Random Testing (ART)
As mentioned above, there are various ways to implement ART. In our study, ART is implemented using FSCS (fixed size candidate set) ART algorithm [7] . In this method, two sets of test cases are maintained, namely the executed set and the candidate set. ART generates the candidate set using RT strategy, and selects a test case from 3) The chosen test case c k is tested and then added to the executed set TS. If a failure is detected, the process stops; otherwise, Step 2) is repeated until a failure is detected, or the number of test cases in the resulting TS exceeds a predefined value.
Design of Simulation Experiment
In this section, we discuss how to design and conduct the simulation experiments for different shapes of failure regions. We take the same performance measure and compactness measure as used in the previous simulation experiments [13] .
Performance measurement
There are several common performance measures for test case selection strategies. One of them is F-measure which is defined as the number of test cases used to detect the first failure [8] . In this study, we use the ART F-Ratio which is defined as F art /F rt to measure the performance of ART against RT, where F art and F rt denote the F-measure of ART and RT, respectively. In our experiments, F art is achieved by simulation while F rt is calculated by the predefined failure rate r (F rt =1/r). Obviously, the smaller the ART F-Ratio is, the better the performance of ART is.
Compactness measurement
There exist many compactness measurements [14] . The most intuitive one which has been used in Ref. [13] is defined as the ratio of the area of a given shape to a circular shape, assuming both shapes have the same perimeters.
In this study, we use this compactness measurement. For the two-dimensional shapes, the measurement is 2 4 P A π ,where A and P represent the area and perimeter of a geometric shape, respectively.
Settings
Prior to seeding a failure region in the input domain, we need to determine its compactness, size and location.
It can be done as follows:
1) In this study, we focus on some irregular shapes and some two-dimensional regular primitive shapes, including square, rectangle, circle, ellipse and isosceles triangle.
For the regular shapes of failure regions illustrated in Fig.2 , their compactness is uniquely decided by the corresponding parameter n. For the rectangular case, n is defined as the ratio of the longer edge to the shorter edges (n≥1); for ellipses, n is defined as the ratio of the semi-major to the semi-minor (n≥1); for isosceles triangle, n is defined as the ratio of the bottom edge to the side edge (0<n<2 since b+b>a). 3) Finally, we randomly choose the location of the failure regions in the input domain.
To achieve a reliable simulation result, say with the confidence level of 95% and the accuracy of ±5, we need to collect a large sample of data, the size of which can be decided by means of the central limit theorem [7] . 
Result and Analysis
In this section, we report the impact of the compactness of failure regions on the performance of ART under the circumstances that a failure region is assumed to be three kinds of regular shapes and some irregular shapes, and provide further analysis across different shapes of failure regions.
Rectangle/Square
This experiment is first reported in Ref. [13] . We briefly describe the result for the sake of completeness. The 
Obviously, compactness is a decreasing function in the domain of n≥1, and has the maximum value when n=1.
The result of our experiments is reported in Fig.3 (refer to Table 3 for the raw data) which shows that the larger n, the larger the value of the ART F-Ratio. ART performs best when n is 1, that is, the rectangle is a square. Based on the above compactness analysis and simulation result, we can conclude that when the failure region is a rectangle/square, the larger the compactness is, the better the performance of ART is. 
Ellipse/Circle
In this experiment, the compactness of a failure region is expressed in terms of the ratio n of semi-major to semi-minor. The perimeter of an ellipse, as illustrated in Fig.2(b) , can be calculated using the infinite serial formula.
In practice, the perimeter p of an ellipse can be approximately calculated using the following formula [15] : Let n x = , we have
. Therefore f(x) is an increasing function, and hence compactness is a decreasing function. Thus, the circle (that is n=1) has the maximum compactness.
The results of our simulation is reported in Fig.4 (refer to Table 4 for the raw data) which shows that the larger n, the larger the value of the ART F-Ratio. Fig.4 also shows that ART performs best when n is 1, or equivalently the failure region is a circle. n: Ratio of semi-major to semi-minor Fig.4 The impact of n (the ratio of semi-major to semi-minor for ellipses) on the performance of ART Based on the above compactness analysis and simulation result, we can further conclude that when the failure region is a circle/ellipse, the larger the compactness is, the better the performance of ART is.
Isosceles triangle/equilateral triangle
In this experiment, the compactness of an isosceles triangle is expressed in terms of the ratio n of the bottom : 2443 edge to the side edge. The compactness of an isosceles triangle, as illustrated in Fig.2(c) , can be defined as follows. 
. Note that 2<x<4 (as 0<n<2), thus the unique solution of 0 d
is an increasing function and hence compactness is an increasing function. When 3<x<4 (that is 1<n<2) and
is a decreasing function and hence compactness is a decreasing function. Thus, compactness has the maximum value when x=3(that is n=1, the shape is an equilateral triangle). In other words, an equilateral triangle has the maximum compactness among all isosceles triangle shapes.
The result of our experiments is reported in Fig.5 (refer to Table 5 for the raw data), and shows that:
1) When n is equal to or larger than 1, the larger n is, the larger the value of the ART F-Ratio is;
2) When n is smaller than 1, the smaller n is, the larger the value of the ART F-Ratio is.
For all failure rates considered, ART performs best when the ratio n is 1. It is noted that when n is 1, an isosceles triangle is an equilateral triangle.
Therefore, we can further conclude that when the failure region is an isosceles triangle, the larger the compactness of the failure region is, the better the performance of ART is. 
Irregular shapes
In this experiment, we have only considered 28 irregular shapes of failure regions, as illustrated in Fig.6 . Each irregular shape consists of 3 to 5 connected same-size square units.
The first column in Table 1 indicates the index of each irregular shape, as illustrated in Fig.6 . The compactness of each failure region shape can be calculated using the compactness measurement 2 4 P A π , described in Section 3.2.
For the majority of data reported in Table 1 (under the confidence level of 95% and accuracy of ±5 (irregular shapes)), at the same failure rate, the performance of ART improves with the increasing of compactness of failure regions. For example, for the shapes "5D" and "5I", the ART F-Ratio is 0.65 and 0.81 when the failure rate is 0.0005; while the compactness is 0.628 and 0.157, respectively. For failure regions which have the same 
Statistical analysis of the relationship between the compactness of failure region and performance of ART
For a specific shape of failure regions, the above experimental results have demonstrated that the improvement of performance of ART over RT improves with the increasing of the compactness of the failure region. It is interesting to investigate whether this trend still exists when various shapes of failure regions are taken into account.
We attempt to answer this question by analyzing all experimental data reported above irrespective of the variety of failure region shapes. The resulting data are shown in Table 6 .
As illustrated in Fig.7 (refer to Table 6 for the raw data), the performance of ART basically improves as the compactness of failure regions increases with a few exceptions. For example, when the failure rate is set as 0.005:
(a) For a rectangle with its compactness being 0.060 (n=50), the ART F-Ratio is 0.91 (see Table 3 ); (b) For an ellipse with its compactness being 0.071 (n=30), the ART F-Ratio is 1.01 (see Table 4 ). The compactness of case (b) : 2445 is larger than case (a), but the performance of ART in case (b) is worse than that in case (a). Fig.7 The impact of the compactness of failure regions on the performance of ART under different failure rates As illustrated in Fig.7 , under different failure rates, the trend of the performance of ART over compactness seems to be a decreasing function. To further evaluate the relationship between the compactness of failure regions and the performance of ART, we use the technique of trend analysis [16] to process the experimental data. Given a set of data, the best way to discover the trend is to find the line of best fit for the data, and correlation coefficient is the most common way of determining how well that line actually correlates with the data. We use the linear function Based on the data in Table 6 and the above formulas, parameters α and β, correlation coefficient cor, confidence level, M x and M y are computed and reported in Table 2 (between the compactness of failure regions and the performance of ART). Similarly, the correlation coefficients for various shapes of failure regions are reported in Tables 7~Tables 10 using the data from Tables 3, Tables 4, Tables 5 and Tables 1, respectively. In Tables 2 and   Tables 7~Tables 10, X corresponds to LOG(100*compactness), Y corresponds to the ART F-Ratio. Generally speaking, a value of 1 or −1 means that the data correspond perfectly with the line. Note that when |cor| is greater than 0.81 or equivalently confidence is greater than 66%, a strong correlation is said to exist. It is noted that all correlation coefficients in Tables 2 and Tables 7~Tables 10 indicate and LOG(100*compactness) is an increasing function over compactness, we can draw the conclusion that the ART F-Ratio will decrease with the increasing of compactness of failure regions. In other words, the performance of ART will improve as the compactness of failure regions increases.
Conclusion
We have reported a simulation study of the impact of the compactness of failure regions on the performance of ART. The experimental result shows that, the larger the compactness of failure regions, the better the performance of ART, for the cases of square, rectangle, circle, ellipse, isosceles triangle, equilateral triangle and some irregular failure regions. Using the regression analysis technique, we further analyzed the relationship between the compactness of failure regions and the performance of ART, regardless of the shapes of failure regions. The result
shows that there exists a strong relation between the compactness of failure regions and the performance of ART.
In this simulation study, we have to assume that the failure region is of certain shapes. The validity of our simulation results is obviously restricted to those shapes studied. It should be noted that in real-life applications, failure regions may be other than those regular or irregular shapes discussed in this paper.
This study provides further insights into the conditions where ART outperforms RT. Future work may include an experimental analysis of the geometry of failure regions for real-life programs and an experimental analysis of the impact of the compactness of failure regions on the performance of ART. Table 7 The trend analysis of relationship Table 8 The trend analysis of relationship between the compactness of rectangular between the compactness of ellipse failure regions and the performance failure regions and the performance of ART (based on Table 3) of ART (based on Table 9 The trend analysis of relationship Table 10 The trend analysis of relationship between the compactness of isosceles triangle between the compactness of irregular failure regions and the performance failure regions and the performance of ART (based on Table 5) of ART (based on 
